Abstract: Polypropylene / organically modified montmorillonite nanocomposites were prepared using polypropylene-graft-maleic anhydride as compatibilizer by the melt blending method. The structural, mechanical and gas barrier properties of the prepared nanocomposites containing various amounts of organoclay (i.e. 0, 2, 5, 7 and 10 wt%) were investigated to evaluate their potential as food packaging materials. The X-ray diffraction (XRD) profiles of the nanocomposites and the transmission electron microscopy (TEM) micrograph showed that polypropylene chains have intercalated between silicate layers of organoclay. The mechanical properties tests showed that the tensile modulus and strength of the nanocomposites increased on increasing the clay loading, while the strain at the break decreased. The gas permeability tests demonstrated that adding organoclay into polypropylene matrix enhances the barrier property of the matrix against O 2 , CO 2 and water vapour.
Introduction
Polypropylene (PP) is one of the most commonly used polymers as food packaging [1] . Similar to other polymer materials used for food packaging, it does not have absolute barrier against gases, water vapour and other substances [2] , while food packaging industry demands packaging with high barriers against the permeation of gas, moisture and flavour [3] . To overcome this disadvantage of polymers as food packaging and also improve their mechanical properties (e.g. tensile strength and modulus, stiffness and so on), special attentions have been recently paid to polymerclay nanocomposites in order to obtain desired packaging with enhanced barrier and mechanical properties [4] . Nanocomposites are a novel class of composite materials where one of the constituents has dimensions in the range between 1 to 100 nm [5] . Small-scale inorganic particles are widely used in production of polymeric nanocomposite materials. Among these inorganic materials, special attention has been drawn to the clay in order to prepare polymer-clay nanocomposites, because of its nanometric dimensions and intercalated properties [6] . The interest of the scientific community in polymer-clay nanocomposites is due to their remarkable properties in comparison to traditional composites [5] . These nanocomposites, compared with the pure polymers or conventional composites, demonstrate improved mechanical properties [7, 8] , gas barrier properties [9, 10] , ionic conductivity [11] , thermal stability and fire retardancy [12] and so on.
Polymer-clay nanocomposites can be prepared either by melt blending process or in situ polymerization [13] . Such nanocomposites have high potential for practical applications as functional materials, but there is a strong restriction on the polymers used for nanocomposites [14] . The processing of nanocomposites on the basis of polymers containing polar groups is possible, because the polar group allow the clay to disperse readily [15] and the polymer chains can be easily intercalated between clay layers [14] . While, the attempts to prepare nanocomposites using non-polar polymers, such as PP, have been fraught with challenges due to the mismatch in surface polarity between the clay and pristine polymers [16] . In order to prepare nanocomposites on the basis of non-polar polymers, maleic anhydride (MA) is usually used which can make polar functional adducts with non-polar polymer and the modified polymer can be then melt-mixed with clay [14, 17] .
In this work, polymer-clay nanocomposites based of PP matrix and organically modified montmorillonite (OMMT) as reinforcing agent were prepared using the melt blending method. Polypropylene-graft-maleic anhydride (PP-g-MA) was used as the compatibilizer. The potential of the prepared nanocomposites for using as food packaging materials was evaluated by investigating their structural, mechanical and gas barrier properties.
Results and discussion

X-Ray diffraction
Wide angle X-ray diffraction (XRD) is a very fast test of nanocomposite formation. Shift of the clay diffraction peak to lower 2θ values denotes an intercalated polymer layer between consequent silicate layers [18] . The structure of the montmorillonite (MMT) and OMMT clays and also the resulting nanocomposites was determined with XRD. The XRD profiles of clays and obtained nanocomposites are shown in Fig. 1 . As seen, the X-ray profile of MMT clay has a characteristic diffraction peak at 6.9° while, this amount for OMMT is observed at 4.1°. The decrease in 2θ related to the diffraction peak for OMMT in comparison to MMT, indicates that d-spacing of MMT clay has increased due to the organically modification process and OMMT organoclay has larger d-spacing than MMT. On the other hand, OMMT demonstrates a characteristic diffraction peak at 4.1°, while the peaks of PP nanocomposites are around 3°. These profiles reveal an increase in the d-spacing for OMMT in the presence of PP, implying that the PP without any serious dependence to the OMMT loading, has intercalated between individual silicate layers during the melt blending process. 
Transmission electron microscopy
Transmission electron microscopy (TEM) is another method to investigate the structure and morphology of the nanocomposites. It is convenient to observe the dispersion and arrangement of the silicate layers of clay inside the polymer matrix using the TEM. Tensile tests were performed to investigate the effect of the organoclay contents on some mechanical properties of the PP-OMMT nanocomposits (i.e. tensile modulus and strength and also strain at the break). Fig. 3 shows the tensile modulus of the nanocomposites for various clay contents. Predictably, PP nanocomposites possess greater tensile modulus compared to that of pure PP and the role of the organoclay as a reinforcing agent in the PP matrix is evident. Fig. 3 demonstrates that the tensile modulus of the nanocomposites increases significantly with increasing clay content. It can be seen that the increase in the tensile modulus is higher for the lower clay content region. This suggests that the silicate layers of organoclay were better intercalated at a lower OMMT content and provided a good reinforcing effect, but with further increase of clay content, some of the clay did not intercalate which weakened the reinforcing effect [15] . Nearly similar trends were observed for tensile strength, as shown in Fig. 4 . Tensile strength of the nanocomposites has direct dependency to the clay content and increasing OMMT content leads to increase in the tensile strength of nanocomposites. For instance, the tensile strengths of the PP nanocomposites containing 5 and 10 wt% clay are 1.13 and 1.23 times greater compared to that of unfilled PP, respectively.
On the other hand, the elongation at the break of PP decreased sharply by adding OMMT on it and also decreased slightly with increasing the clay loading amount up to 10 wt% (Fig. 5) . With 2 and 10 wt% clay loading, the strain at the break decreased about 72 and 91 % as compared with the pure PP, respectively. The obtained result for the strain at the break is another evidence for this fact that the clay layers is better intercalated and provide good reinforcing effect in the PP matrix at lower clay contents. 
Gas permeability
The gas barrier property of the prepared nanocomposite films against O 2 , CO 2 and water vapour as one of the most important properties of food packaging was investigated. Figs. 6 and 7 show the gas permeability of the nanocomposite films for O 2 and CO 2 , respectively. Generally, PP nanocomposite films have significantly lower permeability against O 2 and CO 2 in comparison to the clay-free PP and increasing the clay content causes decrease in O 2 and CO 2 permeability and increase in the barrier property of the polymer matrix. Loading 5 wt% organoclay in PP decreases the permeability (improves the barrier property) of the matrix about 31 and 44 % for O 2 and Co 2 , respectively. The water vapour transmission rates (WVTR) of the nanocomposite films are shown in Fig. 8 . There is also some improvement in WVTR around 27-57% for PP nanocomposites compared to the pure PP. In general, improved gas barrier property (decreased gas permeability) of the PP-OMMT nanocomposites can be explained as a result of the tortuous path created by OMMT layers, according to the tortuous path theory [19] .
The standard uncertainty in the measurement of both mechanical and gas barrier properties of each sample is shown in each plot as error bar (Figs. 3-8) . The error bar is the standard deviation of five and three measurements for mechanical and gas barrier properties, respectively. It is convenient to observe nearly large deviations in obtained results for some samples. These deviations arise from the non-similar (random) aggregation of the clay inside the different specimens of a certain sample, which are used in experiments. Furthermore, non-similar cross section and thickness of the used specimens of a sample and also other error sources (e.g. instrumental error) may create some additional deviations in the obtained results. Generally, we can conclude that the polypropylene nanocomposites due to their improved gas barrier property may fulfil the essential requirements of suitable food packaging material. Furthermore, their enhanced mechanical properties make them excellent candidate for usage as food packaging with high stiffness and low flexibility. However, similar to the other materials used as food packaging, the toxicity and safety of these nanocomposites is important. From this view of point, we can say that the major constituents of the nanocomposites (i.e. PP and OMMT) are adequately non-toxic and safe and the only possibility is traces of the non-grafted maleic anhydride -which is known as an irritating toxic substance may have toxic effect on food. However, due to the small amount of the maleic anhydride existing in the compatibilizer (about 0.6%) and the low compatibilizer loading level in nanocomposites (10%), we can neglect the toxic effects of the possible non-bonded maleic anhydride in the nanocomposites. Further study about the safety of these nanocomposites is under investigation by our research group.
Experimental part
Materials
PP having average molecular weight 320,000 g/mol as pellets was purchased from Yangzi Petrochemical Company, P.R. China. PP-g-MA was purchased from Aldrich Chemical Company. It contains a mass fraction of 0.6% maleic anhydride having the melt index of 115 g/10min at 190 º C /2.16Kg.
MMT was supplied by zhejiang Fenghog Clay Chemicals Co., Ltd, P.R. China. This clay has exchangeable sodium ions and a cation exchange capacity of about 100 meq / 100g.
Cetyltrimethylammonium bromide (CTAB) was supplied by Dishman Pharmaceuticals and Chemicals Ltd, India. All the compounds ware used as received.
Organically modification of MMT
In order to obtain organophilic montmorilonite (OMMT), the MMT clay was modified using CTAB to accomplish the cationic-exchange reaction between them. Typically, 10 g of MMT was stirred in about 1000 ml of double distilled water at 80 °C for 24 hours. Another aqueous solution was prepared by adding 5 g of CTAB to 100 ml of double distilled water. The last solution was added slowly and continuously into the MMT suspension under magnetic stirring for 10 hours to complete the cationicexchange reaction. The obtained mixture was filtered and washed repeatedly several times to purify and remove the unreacted materials. The final product was then dried under vacuum to obtain OMMT.
Preparation of the PP-OMMT nanocomposites
To prepare the PP-OMMT nanocomposites, the melt blending method was used. For this purpose, the adequate amount of PP and PP-g-MA compatibilizer (10 wt%, based on PP mass) with different amounts of OMMT (i. e. 2, 5, 7 and 10 wt%, based on total mass of the sample) were processed in a Brabender mixer at the blending temperature of 453 K for about 30 min. During the blending process, the screw speed was held constant at 50 rpm. The final nanocomposite films were prepared by compression moulding using a press heated at 453 K. Such similar method was used to prepare the pure PP film. Compatibilizer (PP-g-MA) was not used for this purpose. Finally, five different types of films including pure PP and PP nanocomposites containing 2, 5, 7 and 10 wt% of OMMT were produced and used for the X-ray diffraction (XRD) and transmission electron microscopy (TEM) tests and mechanical properties and gas permeability investigations.
X-Ray Diffraction
To characterise the structure and the d-spacing of MMT and OMMT clays and also deal with the structure, morphology and the corresponding spacing between the silicate layers in samples, the obtained nanocomposites, MMT and OMMT clays were examined using X-ray diffraction (XRD). The XRD was performed with a Philips diffractometer at a scanning rate of 2°/min.
Transmission electron microscopy
Transmission electron microscopy (TEM) image was obtained at 200 kV with a Philips CM200 electron microscope. The sample was embedded in an epoxy matrix and ultra-microtomed with a diamond knife on a Coreichart OMUS microtome at room temperature to give 60-100 nm thick section. The section was transferred from water to Cu grades of 400 meshes.
Mechanical properties
Mechanical properties of the nanocomposites including tensile modulus, tensile strength and strain at the break were measured according to the ASTM638. The tension teats were performed using a 5 ton tension test machine (Pars Paygeer Co., Ltd, I.R. Iran). The crosshead speed was kept constant to 10 mm/min at ambient temperature. Five specimens of each sample were tested.
Gas permeability
Gas permeability tests using the pure PP and PP-OMMT nanocompoites with various clay contents were performed according to the ASTM D1434-82. The permeability of two different gases including O 2 and CO 2 and also water vapour from a thin film of each sample with a uniform thickness of 100 μm was measured. The tests were repeated three times for each sample.
